ABSTRACT Basalt vessels are rare, but ubiquitous items in elite Predynastic (4000-3100 BCE) and First Dynasty (3100-2800 BCE) Egyptian burials. Where the bedrock sources can be identified, these artefacts can be used to study trade and social interaction between communities before the advent of writing. Seven Egyptian, post-Jurassic (unaltered), alkali and tholeiitic basalt units, representing all likely sources, were multiply sampled, and augite, plagioclase, pigeonite (tholeiites), and olivine analyzed (~1000 electron-microprobe analyses) in each sample. Flows can be distinguished using combinations of major and minor constituents from individual minerals (e.g., Al 2 O 3 versus SiO 2 in plagioclase or augite, and FeO versus SiO 2 in olivine). However, plots of the composition of coexisting minerals (e.g., CaO/(CaO + Na 2 O + K 2 O) Plagioclase versus CaO/(CaO + MgO + FeO) Augite or MgO/ (MgO + FeO) Olivine ; K 2 O/FeO Plagioclase versus MnO/TiO 2Augite , or K 2 O/(CaO + Na 2 O + K 2 O) Plagioclase versus SiO 2 /TiO 2 Olivine ) and multidimensional scaling applied to augite and plagioclase indicate that multi-mineral discrimination of units is more effective than single-mineral discrimination. Discriminant analysis (multivariate analysis of variance) shows that units can be efficiently distinguished using multi-mineral data, although single minerals also provide effective discrimination. Furthermore, the combination of TiO 2 , FeO and CaO in augite, and SiO 2 , Al 2 O 3 and Na 2 O in plagioclase, discriminates between Egyptian alkaline and tholeiitic basalts as well as do the whole-rock data. Approximately 2700 electron-microprobe analyses of minerals in microsamples (1 mg) from 117 Egyptian basalt vessels indicate, unequivocally, that the bedrock source of every vessel is the Haddadin lava flow in northern Egypt. During the Predynastic period, the trade in basalt vessels was probably controlled from Maadi, the settlement closest to the Haddadin flow and richest in recycled "factory seconds".
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et al. (1982) , who emphasized the utility of augite, and Maynard (1984) , who focused on detrital plagioclase. In this study, we confirm the applicability of augite to studies of provenance in archeology and demonstrate that other minerals, in particular plagioclase and pigeonite, also are useful. In fact, we show that a combination of chemical information on plagioclase and augite provides discriminating capacity that may equal or rival whole-rock geochemistry. From an archeological perspective, the important aspect of these methods is that minuscule (1 mg) samples are required, and analyses are relatively inexpensive if a comparison database exists.
In this study, we use results of ~3700 electron-microprobe analyses of minerals to determine the bedrock source of 118 basalt "vessels" from ancient Egypt. These artefacts, found primarily in the graves of the elite members of society, are old, rare and valuable. Vessel manufacture began 800 years prior to the development of writing, peaked 200 years after the first known inscriptions, and continued for 400 years after Khufu built the great pyramid (Aston 1994, p. 85) . The vessels examined here are from the earlier periods, the Predynastic (4000-3200 BCE) and Early Dynastic (Dynasty 0-1, 3200-2800 BCE; von der Way 1993, p. 83, 133) , with the youngest predating the Great Pyramid by ~300 years. During this 1200-year period, when civilization first arose, about 600 vessels were manufactured (Mallory 2000, p. 22-87) . They are important because they provide valuable information on trade patterns, social, and cultural practices during a time when there are few written records, or none at all.
INTRODUCTION
Rock materials are ubiquitous in archeological artefacts. In some cases, petrological descriptions of these materials can be used to identify their geological sources. Locating the source provides trade and cultural information. For many rock types (e.g., basalts), simple petrographic descriptions provide useful (Lucas 1930 , Williams 1983 , Porat & Seeher 1988 ) but non-definitive information about source. On the other hand, geochemical data on whole rocks and constituent minerals have much to offer archeologists (MalloryGreenough et al. 2000) . For example, with geochemical discrimination based on whole-rock major-element and trace-element geochemistry, it is possible to place the rocks in a geological context (Irvine & Baragar 1971 , Pearce & Cann 1973 , Winchester & Floyd 1977 , Pearce 1996 . Depending on grain size, these methods may require significant amounts of sample (100 g to >10 kg) in order to obtain representative samples. With outcrops as sample sources, this has not been a major issue. In archeology, of course, priceless artefacts cannot be pulverized, and sample size and sampling technique become crucial.
Our experiments indicate that mineral compositions shows much promise as indicators of the geological source of rocks and artefacts. Mineral compositions have rarely been used in tectonic reconstructions and studies of archeological provenance. Examples of how minerals can be used for this type of study are provided by Le Bas (1962), Nisbet & Pearce (1977) , and Leterrier
We present as an Appendix a selection of vessels that represent different sites, shapes and time periods. It was the damaged or fragmentary condition of these artefacts that permitted sampling. All were sampled for this project.
PREVIOUS PETROLOGICAL AND GEOCHEMICAL STUDIES ON THE VESSELS
The first scientific attempt to identify the geological source of the basalt used in Egyptian stone vessels is Said (1962) , Said & Martin (1964 ), El Hinnawi & Maksoud (1972 , Awadallah (1980) , Franz et al. (1987) , Hubbard et al. (1987) , and Meneisy (1990) .
that of Lucas (1930) . Using petrography, he concluded that the most likely source was Al-Fayoum, an area to the southwest of Cairo defined by the Gebel Qatrani basalt outcrops (Figs. 1, 2), as this was, in his opinion, where basalt paving stones were quarried during the Old Kingdom. Aston (1994) studied the various stones used to manufacture vessels from Predynastic to Roman times. She compared the petrography of basalt outcrops to the west of Cairo (Fig. 1 ) and basalt vessels, but did not include other potential sources from east of Cairo, middle Egypt, or southern Egypt (Aston 1994, p. 18-21) . The bedrock samples examined by Aston proved to be very uniform in mineralogy and texture, and, thus, she could not determine a specific flow or flows as the source for the basalt vessels (Aston 1994, p. 20) . A recent survey of stone vessels from Abydos (Fig. 2 contains petrographic descriptions of two basalt vessels, but the author did not attempt to establish their source (Schelstraete 1998, p. 47-48) . There are few published geochemical studies of Egyptian stone vessels. The most extensive to date is that of Schelstraete (1998) , who surveyed the rock types used in the vessels found by Petrie during his excavations of the First Dynasty royal tombs at Abydos (Petrie 1900 (Petrie , 1901a (Petrie , b, 1937 . Although whole-rock X-ray fluorescence data were obtained for two basalt vessels (Schelstraete 1998, p. 72-74) , no comparison between potential sources and the vessel data was made. In a more recent study, Greenough et al. (2001) compared whole-rock data from seven basalt vessels (excavated by Petrie at Abydos) to potential bedrock sources, and concluded that they were manufactured from the Haddadin basalt, which outcrops approximately 500 km north of Abydos and runs from Abu Zabaal (~50 km north of Cairo) to Al-Fayoum (~100 km southwest of Cairo; Figs. 1, 2). No other whole-rock data for basalt vessels have been published.
In a preliminary study, Mallory-Greenough et al. (1999) examined ten Predynastic (Naqada I and Naqada II) stone vessels from the collection of the Royal Ontario Museum (ROM1 to ROM10). Most of these vessels had been purchased from collectors, and information regarding their archeological origin may not be accurate. However, two of them were taken from the royal tombs at Abydos. All of the artefacts were intact, and it was not possible to use whole-rock analytical techniques to determine the source of the basalt. Instead, microsamples were removed from the bottom of the vessels or from damaged surfaces, and grain mounts were prepared. Augite and plagioclase in the vessels and potential bedrock sources were analyzed with an electron microprobe, and the data on minerals from the artefacts compared to those from the bedrock samples. One vessel (ROM 1) proved to be lamprophyric in composition, but the other nine (ROM2 to ROM10) were manufactured from basalt with chemical compositions of the constituent minerals matching those of the Haddadin basalt. This finding agrees with the whole-rock results, and suggests that on the basis of the composition of augite and plagioclase, the raw material or finished basalt vessels were transported from the Cairo area (Haddadin basalt flows) south to Qena and Abydos.
SAMPLING STRATEGY
Predynastic basalt vessels in the Royal Ontario Museum are made of fine-grained, undeformed and unaltered basalt (Mallory-Greenough et al. 1999) . As the older volcanic rocks in Egypt tend to be regionally metamorphosed (Ressetar & Monrad 1983) , the most likely sources of these fresh rocks are flows that are Late Cretaceous to Tertiary (Early Miocene) in age. Therefore, the rocks selected for comparison with the vessels are unaltered Tertiary subalkaline basalts from northern (e.g., Haddadin Basalt) and central Egypt, and Late Cretaceous alkaline basalts from southern Egypt (Fig. 1) .
Our suite of bedrock samples represents all known unaltered flows or flow units in Egypt, regardless of whether or not they are considered to contain ancient quarries. All quarry sites compiled by Klemm & Klemm (1993) were sampled; their list is considered the most comprehensive survey. Although they were aware of the alkali basalts we sampled in southern Egypt, these rocks are not included in their work, nor were they considered potential sources by Lucas (1930 ), de Putter & Karlshausen (1992 , or Aston (1994, p. 19-20) . Modern operations at quarries at Abu Zabaal and Tell el Haddadin (also called Tell el Zalat, at Abu Roash) may have destroyed evidence of earlier activity. Thus these sites could have been utilized in the past. The only confirmed ancient quarry is located at AlFayoum (Gebel Qatrani), but Old Kingdom workings have removed any traces of earlier Predynastic use (Harrell & Bown 1995) . A comprehensive archeological survey of the other possible basalt sources, in which the potential ancient quarry sites are examined in detail, has not been conducted.
SAMPLE DESCRIPTIONS

Samples of bedrock basalt
Egyptian basalts can be divided into four petrological groups (Cairo, Bahariya, Middle Egypt, Southern Egypt) based on age, chemical composition, field relationships, and mineralogy. Further division on the basis of alkalinity (alkali basalt or tholeiite) yields five regions: subalkaline basalts are represented by Cairo-Suez Road, Haddadin, Bahariya, and Middle Egypt, and alkaline basalts by Southern Egypt. The Middle Egyptian samples (ZA, ZA2, MN, MN2) are probably from the same flow or flow sequence [paleomagnetic data: Wassif (1986 ), geochemistry: El Hinnawi & Maksoud (1972 , Aly et al. (1983, p. 92) ]. The Bahariya Oasis is represented by three samples, two from Gebel El Heluf or El Hufhuf (H4, H4B) and one from Gebel Mayesra (BAH1). Cairo-area basalts are divided into eastern and western flows based on age, paleomagnetism and petrology (Lotfy et al. 1995) . The area west of Cairo contains the Haddadin basalt sequence, which runs from Abu Zabaal to the north of Cairo southward to AlFayoum and the western desert (Fig. 1 ). Multiple samples from various localities along the Haddadin flow were taken, including Abu Zabaal (ABZ1), Abu Roash (ARF1), Tell el Haddadin (HAD2, K32/2, HD1, HD2), Sixth of October City (6OCT1, 6OCT2, 6OCT3), and the ancient quarry at Gebel Qatrani (GQ). The Haddadin basalt sites approximately 10 km northeast of Maadi at Gebel Ahmar, Gebel el Saliman, and Gebel el Urfa were not sampled, as they are in a military area. Two sites to the east of Cairo (Cairo-Suez Road basalts) were sampled, Gebel Anqabia (CSR1, CSR2, CSR4) and Gebel Gaffar (CSR5).
Alkali basalts were sampled in southern Egypt at Gebel el Asr, Lake Nasser, and Wadi Natash. Several basalt exposures occur as dikes near Gebel el Asr (Franz et al. 1987 , Huth & Franz 1988 . To the west of Lake Nasser are various basalt outcrops (P5, P8, P10; Franz et al. 1987 ) that are visible from the Aswan -Abu Simbel road. Three flow units, lower (WNL1, WNL5, WNL7), middle (WNM1, WNM2, WNM3) and upper (WNU2, WNU7, WNU8), and an eastern field (WN16) comprise the Wadi Natash basalts (Hubbard 1977 , Crawford et al. 1984 , Hubbard et al. 1987 .
All samples of subalkaline basalt contain augite, plagioclase, pigeonite, olivine, and Fe-Ti oxides. Olivine is especially rare (< 1%) in the Haddadin and vessel samples. Pigeonite, though present, is not abundant in the northern samples. The alkaline southern basalts bear augite, plagioclase, Fe-Ti oxides, and olivine. Plagioclase in one Lake Nasser sample (P8) is altered. Matrix grain-sizes range from 0.1 mm (Cairo-Suez Road samples) to 0.6 mm (Abu Roash). Large (~1 cm) plagioclase phenocrysts are typical of the Haddadin basalts. Samples tend to be subophitic and microporphyritic (i.e., contain augite, olivine or plagioclase microphenocrysts). Altered intersertal glass and olivine are present in the Abu Roash sample as green and brown (respectively) clay minerals.
Samples of basalt vessels
Vessels were selected for sampling on the basis of three criteria: published descriptions and photographs, provenance (archeological source of artefact is well documented), and accessibility (the likelihood that sampling would be permitted). For statistical purposes, an attempt was made to include as many different and widespread sites, vessel forms, and time periods as possible. Vessels of unusual form were included as well, even if their archeological context was not known. The important Predynastic sites of Abydos, Naqada, and Hierakonpolis (Fig. 2) were represented by multiple samples. Subsequently, vessels were eliminated from consideration either owing to their pristine condition (no surfaces suitable for sampling) or added if the vessel was not included in the original list, but met the criteria. As many of the museums visited do not have published catalogues, a number of artefacts were found after the initial list of samples had been created. The final set of samples contains one hundred and seventeen basalt vessels dating from the Badarian Period to the end of the First Dynasty, and covering sites from Kafr Ghattati north of Giza to Hierakonpolis in the south (Fig. 2) . All major types of form or shape are represented by at least two samples, with the sample set representing 20% of the 598 Predynastic and First Dynasty basalt vessels known to exist (Mallory 2000, p. 22-87) . Eight of the one hundred twenty-five vessels sampled, upon analysis, proved to be manufactured from stones other than basalt (Mallory 2000, p. 167-169 , SrO, BaO, and NiO were detected using the energy-dispersion system with a resolution of 137 eV at 5.9 keV. The beam size was approximately 1 m, with an accelerating voltage of 15 keV and a beam current of 15 nA. Spectrum acquisition lasted 40 seconds. All raw data were corrected by Oxford Link's ZAF matrix-correction program. Instrument calibration, performed on cobalt metal, was ±0.5% at one standard deviation. The mineral standards KK (amphibole) and KCpx (clinopyroxene) indicated a precision and an accuracy of better than ±2% for constituents with concentrations >1 wt.%. The typical detection-limit was ~0.1 wt.%. The trace elements La, Sr, Ba, and Ni are present at a level below detection except for Ni in olivine. All augite, pigeonite, plagioclase, and olivine compositions have analytical totals between 98.5 and 101.5 wt.%. Similarly, samples for which cation totals were greater than ±0.5% of the ideal total number were eliminated.
The value and importance of the vessels necessitated a microsampling technique. Thus a fine-tipped vibrating tool (vibrograver) was used to remove silt-sized to fine-grained sand-sized mineral particles from as many unfinished or broken surfaces on each vessel as possible. Each artefact sample (~1 mg) was prepared as thick (0.3 mm) grain mounts in epoxy, and augite (~1400 analyses), plagioclase (~1200), and, where possible, pigeonite (~90), and olivine (6 analyses), were analyzed using the Dalhousie microprobe (methods as above). Vessels ROM 1 to ROM 10 were analyzed at the University of Toronto using a Cameca SX50 electron microprobe, with three wavelength-dispersion spectrometers. Beam diameter (1 m), operating conditions (15 keV and 30 nA), methods of calibration, and precision and accuracy are similar to those for the Dalhousie instrument. Average compositions of augite, plagioclase, pigeonite, and olivine in the bedrock samples and stone vessels appear in Tables 1, 2 and 3, respectively. Complete sets of mineral data are compiled as Appendices 2 (basalt bedrock), 3 (basalt vessels), and 4 (non-basalt vessels) in Mallory (2000), and are available from the first author.
DATA PRESENTATION
Differences in composition can be seen in the average data for augite, pigeonite, and plagioclase in each bedrock sample (Table 1) and, in particular, among bedrock units. For example, the average amount of Mn in the Bahariyan augite (0.07-0.17 wt.% MnO) is lower than in Haddadin augite (0.24-0.36 wt.% MnO). Figure 3a shows that average compositions of augite in the bedrock, plotted as Al 2 O 3 versus SiO 2 , encompass a wide range of compositions that cross both the alkaline and tholeiitic fields (Le Bas 1962). Average SiO 2 and Al 2 O 3 values for augite in the 117 vessels (summary of ~1400 analyses; averages in Table 3 ) encompass a very small range of subalkaline compositions (Fig. 3b) that overlap with augite from Haddadin, CairoSuez and Middle Egypt suites (Fig. 3a) . As it is difficult to see relationships and similarities when hundreds of data points are plotted on a diagram, averages (Tables 1, 2) have been used for clarity in Figure 3c , d, e, and f. As in augite, SiO 2 and Al 2 O 3 are negatively correlated in plagioclase (Fig. 3c) , but there is no obvious correlation in pigeonite (Fig. 3d) . Perhaps this reflects the small range of compositions shown by northern subalkaline than 117.
basalts (see also FeO-SiO 2 plot for pigeonite, Fig. 3e ). Pigeonite compositions can apparently distinguish Cairo-Suez basalts from Haddadin samples (Fig. 3e) . However, the negative correlation shown between FeO and SiO 2 in olivine, due to stoichiometry, that separates the various groups of Egyptian lava according to alkalinity, is impressive (Fig. 3f) .
Using unaveraged data complicates the comparison of coexisiting (i.e., same rock sample) augite, plagioclase, pigeonite, and olivine compositions because it is not obvious how to pair analytical data. Therefore, for each sample, averages of data from each mineral have been paired instead. Figure 4a shows that Si/Al in plagioclase and augite are correlated (r 2 = 0.47; P = 0.004; ratios derived from Tables 1 and 2 ). In Figure 4b (Figs. 4c, d ).
COMPARING THE BASALT VESSELS TO THE BEDROCK SAMPLES
Variations in mineral composition in Egyptian basalts
By definition, only subalkaline basalts contain a lowCa pyroxene. Orthopyroxene was not observed in any of the Egyptian basalt or vessel samples. However, pigeonite, though difficult to identify optically (it only occurs as small interstitial grains or as a thin rim on augite) was identified using the electron microprobe in Haddadin, Cairo-Suez and Middle Egypt basalts and in about half of the vessels. Pigeonite was not identified in any of the Bahariya or southern Egypt samples of basalt. This is consistent with the basalts from southern Egypt and Bahariya suites being alkaline. The corollary is that the bedrock source(s) for vessels probably is(are) in northern Egypt.
Based on Al 2 O 3 versus SiO 2 relationships in augite (Le Bas 1962), Egyptian basalts are variably alkaline, with southern Egypt basalts (W, L, and A) being most strongly alkaline, the Haddadin (H) flow and Bahariya Oasis (B), subalkaline, and Middle Egypt (M) and Cairo-Suez (C), transitional (Fig. 3a) . Average compositions of augite in the vessels clearly indicate that these are subalkaline (Fig. 3b) .
Two parameters that can be used to describe plagioclase [anorthite content = CaO/(CaO + Na 2 O + K 2 O), constituents in wt.%] and augite [wollastonite content = CaO/(CaO + MgO + FeO), constituents in wt.%] compositions illustrate the utility of comparing mineral compositions (Fig. 4b) . The alkaline, southern Egypt basalts, and the Bahariya rocks have higher wollastonite contents than subalkaline basalts in northern and Middle Egypt. Further, the higher anorthite content of Middle Egypt and Cairo-Suez plagioclase separates these rocks from the Haddadin flow. Ratios in Figure 4d combine major and trace components in plagioclase and augite. The ratio SiO 2 /TiO 2 (wt.%) in augite has long been known to indicate alkalinity (Le Bas 1962, Nisbet & Pearce 1977) , and apparently serves in this case to separate Middle Egypt from Cairo-Suez basalts, both of which have low K 2 O/(CaO + Na 2 O + K 2 O) (wt.%) values. Figures 4e and 4f demonstrate that olivine compositions, like plagioclase and augite compositions, correlate with alkalinity and can also distinguish Egyptian basalt units.
As a generalization, northern basalts plot differently from southern basalts on Figures 3 and 4 , but the Bahariya samples are clearly anomalous. In terms of SiO 2 /Al 2 O 3 and SiO 2 /TiO 2 in augite, the rocks seem subalkaline, but CaO/(CaO + MgO + FeO), and MnO/ TiO 2 values, together with a lack of pigeonite, indicate alkaline characteristics. Published data (Awadallah 1980) suggest anomalous whole-rock major-and traceelement characteristics (e.g., very low Ti, V, and Zr, low MgO, but high Ni and Cr) for these rocks relative to most continental tholeiites and alkali basalts. Therefore, the disparate compositions of the minerals are difficult to interpret.
The whole-rock composition of a basalt affects the sequence of mineral precipitation (e.g., Philpotts 1990, p. 275-289) . It follows that two magmas precipitating the same minerals but in a different sequence will preserve distinct compositions of minerals. This fact provides another rationalization for the ability of mineral-mineral plots (Fig. 4) to distinguish igneous units.
A multidimensional scaling diagram (Fig. 5 ) provides a final argument for the power of mineral compositions in distinguishing basaltic rocks. Multidimensional scaling (MDS) is an exploratory statistical technique capable of summarizing variability in a population, in this case chemical variation in minerals among samples, in a small number of dimensions (Borg & Groenen 1997 , Wilkinson et al. 1992 . We have found it helpful in identifying patterns in large whole-rock, soil, pottery and agricultural-fluid geochemical datasets (Mallory-Greenough et al. 1998 , Greenough & Owen 1998 , Greenough et al. 1996 . In this case, samples plotting close together on the MDS plot (Fig. 5 ) are most similar in terms of their overall augite and plagioclase compositions. Each bedrock sample was represented in the dataset by its average plagioclase and augite compositions (Table 1) . Each chemical parameter (e.g., CaO in augite) was z-scored (normalized) to put all elements on the same scale. A matrix of Pearson correlation coefficients, which measure how distant data are from each other, was calculated from the input data (e.g., augite and plagioclase z-scored oxides in sample m were plotted against those in sample n, and then sample o, etc., and correlation coefficients calculated). Conceptually, this matrix was resolved into approximate or average distances between samples, which were then plotted on a two-dimensional diagram. Specifically, calculations for the linear, multidimensional scaling in two dimensions (Fig. 5) used a Kruskal loss function, yielded a straight-line Shepard diagram, and were performed in SYSTAT software (Wilkinson et al. 1992 ) with scaling in two dimensions (Fig. 5) . Stress, which is the badness-of-fit between measured distances (the correlation coefficients) and the approximated distances between samples (Fig. 5) , diminished smoothly from 0.102 to 0.091 over five iterations. Readers of all backgrounds interested in a useful description of MDS procedures, calculations and applications should consult Borg & Groenen (1997) .
The MDS diagram summarily shows that natural patterns in the mineral data distinguish each of the various rock units and that the vessels are indistinguishable from the Haddadin flow (Fig. 5) . The alkaline basalts from southern Egypt plot on the left, whereas the tholeiites and the vessels plot on the right. Individual flows tend to be distinctive, and form smaller groupings. For clarity, the vessels are summarized in one data point, which represents the center of the small field in which the artefacts would plot.
Fingerprinting Egyptian basalts
Discriminant analysis mathematically summarizes variability in datasets and can identify the elements most (Table 1) and vessel (Table 2) samples. Symbols as in Figure 3 . The position of average vessel composition is indicated by the arrow.
useful for distinguishing groups (Tabachnick & Fidell 2001, p. 456-516) . It creates arbitrary mathematical functions that separate data based on known groups. The bedrock samples were grouped by region (North, Middle, South) and flow or unit (Bahariya, Cairo-Suez Road, Haddadin, or Cairo-Suez Road, Haddadin, Middle Egypt). Grouping by region allows any vessels manufactured from Middle Egyptian basalts to be identified, and grouping by flow will identify the specific basalt in Northern Egypt. Augite and plagioclase are abundant in all basalts and are, therefore, the two main minerals selected for comparison with the basalt vessels. Clearly, the major elements in augite [(Ca, Mg, Fe 2+ , Al) 2 (Si,Al) 2 O 6 ] can help discriminate between regions and flows (Mallory-Greenough et al. 1999) . As well, univariant F-statistics give probabilities for how correlated an element is with region or flow, and tend to rank the major elements higher than the minor elements. Fstatistics ranked the constituents based on region (in descending order of probability, CaO, TiO 2 , SiO 2 , Al 2 O 3 , Na 2 O, MgO, MnO, FeO) and by flow (in descending order, CaO, FeO, MnO, SiO 2 , Na 2 O, MgO, Al 2 O 3 , TiO 2 ). Therefore, these eight constituents were chosen for discriminant analysis of augite based on region and flow. Only two minor constituents (FeO, K 2 O) in plagioclase [(Na,Ca)(Al,Si) 4 O 8 ] were measured for this study. This fact and the restrictive nature of the crystal structure of plagioclase dictated that the major constituents SiO 2 , Al 2 O 3 , CaO, and Na 2 O be used for discrimination as well. Surprisingly, FeO was ranked lowest for correlation with both flow and region according to univariant F-statistics (region, K 2 O, CaO, Na 2 O, SiO 2 , Al 2 O 3 , FeO; flow, Na 2 O, CaO, SiO 2 , K 2 O, Al 2 O 3 , FeO). For pigeonite [(Mg, Fe 2+ ,Ca)(Mg,Fe 2+ )Si 2 O 6 ], like augite, the constituents SiO 2 , TiO 2 , Al 2 O 3 , FeO, MnO, MgO, CaO, and Na 2 O were chosen. According to SYSTAT's univariate F-statistics, constituents selected for each mineral individually show highly significant correlations with the categorical variables, flow and region (P < 0.0001). Thus not surprisingly, the multivariate test statistics such as Wilks's Lambda, Pillai Trace, Hotelling-Lawley Trace, and Theta indicate that the element combinations chosen are also highly correlated (P < 0.0001) with region and flow (Tabachnick & Fidell 2001, p. 481) .
Using unaveraged mineral compositions, the bedrock samples were correctly classified by region (North, Middle, South) using the discriminant functions 87% of the time for augite and 78% for plagioclase. Classification of northern flows (Bahariya, Cairo-Suez Road, Haddadin) was correct for 78% of augite, and 76% of plagioclase cases. Overlap, where it occurs, tends to be between Middle Egyptian and Cairo-Suez Road samples. Pigeonite was used to distinguish between Middle Egyptian, Cairo-Suez Road, and Haddadin basalts, and had a success rate in classification of 92%. Function scores for the mineral compositions, which are derived from the discriminant functions (Table 4) are plotted in Figures 6a, 6b, 7a, 7c , and 7e. Fields separating regions or flows were added manually and were based on the distribution of unaveraged data. For clarity, averaged data (Table 1, The mineral data from the basalt vessels were averaged, and the average augite and plagioclase composi- (Table 1 ) and vessel (Table 3) compositions are plotted for clarity. Function scores were calculated with the equations given in Table 4 . Symbols as in Figure 3 . tions from the vessels (Table 3) were used with the discriminant functions (Table 4) to calculate function scores. When plotted on the regional diagrams derived from the bedrock samples, a Northern source is indicated (Figs. 6c, d ). Using the Northern discriminant equations and plots, the Haddadin basalt is the most likely source for the basalt used in the vessels (Figs. 7b,  d ). The discriminant diagram using pigeonite (Fig. 7e) , although based on fewer samples, also supports the Haddadin basalt as the source (Fig. 7f) . Averages plotting outside the Northern or Haddadin fields belong to different vessel samples on each diagram, reflecting the statistical probability of variability and chemical variation within each region or flow.
Average compositions of augite and plagioclase for the bedrock samples were combined, and the constituents SiO 2 , TiO 2, , and CaO in augite and CaO, Na 2 O, and K 2 O in plagioclase used for discriminant analysis. Groups for separation were Bahariya, Cairo-Suez, Haddadin, Middle Egypt, and Southern Egypt. These were separated with 100% efficiency. It was not possible to distinguish Wadi Natash, Lake Nasser and Gebel el Asr basalts from one another on this diagram (Fig. 8) . The average of vessel averages was plotted, and as expected falls within the Haddadin field. It is important to note that even though mineral compositions for Haddadin and Cairo-Suez Road samples and the basalt vessels do overlap somewhat, the results of a study using the whole-rock composition of the same set of bedrock samples and a select few vessels eliminated the Cairo-Suez Road as a possible source for the artefacts (Greenough et al. 2001) .
About half of the samples in the bedrock dataset are clearly tholeiitic (pigeonite-bearing), and the rest are alkaline basalts from southern Egypt. Bahariya is quite different from these two groups, and may be transitional in nature. Discriminant analysis based on alkalinity is extremely efficient at separating the basalts into three (Fig. 7a) , d) plagioclase (Fig. 7c) , and f) pigeonite (Fig. 7e ). Fields were determined using bedrock data as unaveraged individual compositions (Appendix 2, Mallory 2000) and are based on dominant region or flow. For clarity, bedrock (Table 1 ) and vessel (Table 3) averages are plotted. Function scores were calculated with the equations given in Table 4 . Symbols as in Figure 3 .
groups (subalkaline, transitional, and alkaline; Fig. 9 ) using TiO 2, , FeO and CaO in augite, and SiO 2 , Al 2 O 3 , and Na 2 O in plagioclase. The discriminant functions derived from Egyptian basalts were used to calculate scores for cursory examples of coexisting (same sample) augite and plagioclase in MORB, continental and oceanisland tholeiites and an ocean-island alkali basalt (Fig. 9) . The mineral-based alkalinity diagram correctly classified all of the "unknowns", suggesting that this approach to magma classification may have more widespread application. (Table 2) . Function scores were generated using the data on Egyptian basalts (Table 1 ) and the function coefficients in Table 4 .
FIG. 8. Discrimination diagrams with which to discriminate among occurrences of basalt bedrock using combined average data on augite and plagioclase. Symbols as in Figure 3 . Function scores were calculated using the data in Table 1 , and the function coefficients in Table 4 . Note divisions among groups can be tied to magma alkalinity.
ARCHEOLOGICAL IMPLICATIONS
There is no correlation between vessel provenance, age, or shape, and the source of the basalt used in their manufacture. The basalt in every vessel sampled and analyzed came from the same northern source, and most probably originated somewhere along the Haddadin basalt flow near modern Cairo. For the Predynastic Period, the site of Maadi (now a suburb of modern Cairo, see Fig. 1 ) may be the location of the vessel manufacturing industry. The site of this village is located about 15 km from an outcrop of Haddadin basalt (Mallory 2000, p. 96) , and numerous repaired and reworked "factory seconds" were found in the settlement (Rizkana & Seeher 1988, p. 70) . It is entirely possible that the knowledge and technical skills needed to manufacture basalt vessels were initially limited to this one site. Maadi was ideally situated at the apex of the Nile delta to control trade between Upper and Lower Egypt, and is considered one of the more important Predynastic trading centers (Hoffman 1990, p. 200-214) . It is not surprising to discover that occupants of Maadi may have controlled the basalt vessel trade, and that the Upper (southern) Egyptian kings destroyed the settlement in their expansion northward.
A location for basalt vessel workshops has not been identified for the First Dynasty, and the raw material may have been shipped a considerable distance upstream to Hierakonpolis, where one group of stone vessel craftsmen was located (Quibell & Green 1902, p. 17, pl. 68) . Further excavation may reveal workshops at sites closer to the source. The widespread distribution of the artefacts and long life of the industry suggest that trade in these items was important locally and nationally long before Egypt was united, and for a considerable time after. CONCLUSIONS 1. Results of electron-microprobe analyses confirm that augite is useful for distinguishing basalt units, but plagioclase, olivine and pigeonite may be just as helpful.
2. Major elements are as useful as trace elements in identifying bedrock units.
3. Although single-mineral discrimination diagrams efficiently distinguish Egyptian basalt units, diagrams based on mineral combinations appear more effective than single-mineral diagrams.
4. A tholeiite -alkali basalt discrimination diagram constructed using the Egyptian basalt data and using a combination of plagioclase and augite data indicates that multi-mineral discrimination diagrams may be as effective as whole-rock diagrams for petrological discrimination.
5. A major advantage of mineral discrimination for archeology is that microsamples (0.001 g) provide enough material to definitively identify the bedrock source of valuable artefacts.
6. Mineral fingerprinting indicates that the 117 Predynastic Egyptian basalt vessels examined here were all produced from the Haddadin basalt in northern Egypt. Tradition has played an important role in the selection and use of stone in ancient Egypt, and may help explain why the Haddadin Basalt was used to manufacture artefacts for more than 1200 years. The discrimination diagrams summarize chemical variability in post-Jurassic Egyptian basalts and will allow future identifications of the source of basaltic Egyptian artefacts without collecting a bedrock database for comparison.
7. Maadi, the settlement closest to the Haddadin flow and richest in recycled "factory seconds", probably controlled the vessel trade or workshops during the Predynastic period. These findings provide evidence that northern Egypt played an important role in the trade, economic and technological development of early (Predynastic) Egypt. 
